Cellulolysis by mesophilic clostridia has been less extensively studied up to now than cellulolysis by thermophilic bacteria of the same genus (1, 4) . These bacteria are of great interest, however (4) . In particular, their mesophilic character can be an advantage for industrial processes such as the treatment of urban and industrial refuse or the production of chemicals. For several years, therefore, we have been investigating the cellulolytic system of Clostridium cellulolyticum (7, 8, 10, 11, 20) . Once the characterization of the bacteria (20) and its physiological study were well under way (10, 11) , we began to study its cellulolytic components by using a molecular genetics approach (7) . Up to now, we have identified five genes coding for components of the cellulolytic system of C. cellulolyticum; one of these, celCCA, coding for endoglucanase A from C. cellolyticum (EGCCA), has been sequenced (8) . This enzyme comprises a catalytic domain belonging to family A, according to the classification of cellulases proposed by Henrissat et al. (15) , and a C-terminal domain of the type found so far only in clostridial cellulases, consisting of two reiterated sequences (1, 4) .
The initial carboxymethyl cellulose (CMC)-positive clone obtained yielded only poor enzyme production, and in this report we describe the genetic construction carried out to obtain a higher level of EGCCA production. The subsequent purification yielded the separation of two active forms of the enzyme differing in size, the smaller (SS) form being the result of partial proteolysis which was responsible for the loss of reiterated domains. The two forms of the enzyme were characterized, and the most noteworthy differences in their catalytic properties are described. The significance of these differences from the point of view of the cellulolytic function and the possible role of reiterated domains will be discussed.
MATERIALS AND METHODS
Bacteria, media, and reagents. C. cellulolyticum H10 was used (20) . The main buffers used were TD buffer (50 mM Tris-HCI, pH 8.0), TDU buffer (TD plus 2 M urea and 1 mM phenylmethylsulfonyl fluoride), and TAK buffer (10 mM Tris-HCI, 1 M potassium acetate, pH 8.0).
Strains and plasmids. Escherichia coli TG1 (24) was used as a host for recombinant plasmids. BMM-71-18-mut-L (17) was the recipient strain for site-directed mutagenesis with M13mp18 bacteriophage. Plasmids pUC18 (26) and pJF 118EH (9) were used as the cloning vector and the expression vector, respectively. E. coli cells were grown on minimal medium or LB medium supplemented with ampicillin (100 ,ug/ml) when needed. Synthesis of endoglucanase was induced with isopropyl-,3-D-thiogalactopyranoside (IPTG) when the optical density of the cultures reached 1.0. Bacteria were harvested by centrifugation 3 h after induction.
ceiCCA, under the control of its own promoter, was poorly expressed in E. coli. To increase this expression, the gene was introduced into plasmid pJF118EH under the control of the P,,, promoter. The construction was carried out as follows (Fig. 1) . The entire sequence of celCCA included in a 2-kb HpaII-HpaII fragment of plasmid pB52 (8) was cloned at the AccI site of pUC18, generating plasmid pA24. Since no single restriction site was available in the beginning of the sequence, a PstI site was introduced by site mutagenesis (Fig. 1, M13A24P ). The construction was performed by cloning the PstI-HindIII fragment of replicativeform M13A24P at the EcoRI and HindIII sites of pJF118EH, the junction being ensured by means of a synthetic linker restoring the beginning of the gene; an ATG codon was added to reconstitute the initiation region. The 400-bp Hindlll fragment of pA24 including the stop codon and transcriptional termination sequences was replaced to complete the construction. The Each supernatant was tested to determine the protein titration and CMCase activity and then analyzed by SDS-PAGE (12.5% gel) after being concentrated on a Centricon (Amicon). Binding tests in the presence of Ca2' were also carried out.
Amino acid composition and N-terminal sequencing. Amino acid compositions of the purified proteins were established by using a Beckman 6300 amino acid analyzer. N-terminal amino acid sequences were determined by using an Applied Biosystems 470 A sequence analyzer.
RESULTS
Preparation of purified endoglucanases. The purification pathway is summarized in Table 1 . The main difficulty encountered was the cleavage of the protein in the early steps of separation. To prevent proteolysis, the first two purification steps were carried out in the presence of 1 mM phenylmethylsulfonyl fluoride.
After the fractioned ammonium sulfate precipitations, the precipitates were solubilized in 6 M urea and subjected to Q-Sepharose fractionation in the presence of 2 M urea. These initial precautions made it possible to limit the proteolysis. In this way, we obtained two forms of EGCCA which were largely separated during the ammonium sulfate precipitation steps. A larger (LS) form, apparently corresponding to the intact gene product, precipitated mainly in 30% ammonium sulfate. A SS form, resulting probably from a partial proteolysis, precipitated mainly in 60% ammonium sulfate. The subsequent steps were carried out in parallel on the two forms. After the Q-Sepharose steps, each form was found to be contaminated mainly by the other (Fig. 2) (8) . This result indicated that the proteolysis occurred in the C-terminal region. To locate the site of proteolysis, the amino acid compositions of both purified forms were determined. Analysis of the results (Table 2) indicated that 69 residues were probably deleted just before the first of the two reiterated domains observed in the C-terminal region. The molecular weights of the two forms were estimated from their relative mobility on SDS-PAGE, using the weight markers as standards. The LS form has an apparent mass of 51,000 Da, and the SS form has an apparent mass of 44,000 Da. These values were in good agreement with the molecular weights predicted from amino acid sequences for both forms ( (8) . For the SS form, a deletion of 69 amino acids was assumed to occur at the C-terminal end, i.e., a cleavage between Asp-381 and Pro-382 (between parentheses in the EGCCA sequence) nine residues before the first reiterated sequence (underlined).
Determined from analysis of the two purified forms. ND, not determined. d To the total amino acids from the analysis were added predicted Cys and Trp residues which cannot be exactly estimated by analysis. ties. The LS and SS forms differed in Vmax (60.8 and 151.1 IU/mg, respectively) and Km (1.97 and 3.96 g/liter, respectively). It thus emerged that the deletion of the reiterated domain of EGCCA resulted in an increase in the velocity accompanied by a relative loss of affinity for CMC.
As regards the hydrolytic mechanism of CMC, the changes in relative fluidity versus the production of reducing sugars were monitored in the case of both forms (Fig. 3) . It is worth noting that the protein cleavage in the SS form resulted in an enhancement of the endo mode of action of EGCCA. Table 3 shows the hydrolytic activities of the two forms of EGCCA toward various substrates. The hydrolysis was clearly of an endoglucanase character. The SS form was more efficient than the LS form on soluble celluloses and related compounds, but this situation was completely reversed with crystalline Avicel as the substrate (Fig. 4) . The SS form appeared to have more pronounced endoglucanase characteristics than the LS form, but the latter seemed to be a more efficient cellulase than the former.
Effects of temperature and pH. Figures 5 and 6 Barley glucan Fig. 3 . cient as the intact form; and (iii) crystalline cellulose, on which the integral protein is most active (fourfold).
The other parameters of the activities (temperature and pH) did not differ between the two forms. The differences between the catalytic properties of the two forms might reflect the function of the C-terminal reiterated domains, which have been found to exist only in C. thermocellum and C. cellulolyticum cellulases. Up to now, their role has been a matter of speculation (2), but it seems likely from the present study that they may have some influence on the mode of cellulose degradation by the enzyme. This may not be the general rule, however, since no such effects were observed with EGE (14) , EGH (25) , or XynZ (13) from C. thermocellum. It was suspected that these reiterated domains may constitute a cellulose binding domain such as those observed with Cellulomonas and Trichoderma cellulases (12, (21) (22) (23) ), but it was not possible to observe any binding of the intact form of EGCCA to Avicel. Another argument against this binding activity was recently put forward in the case of EGE from C. thermocellum, for which the existence of a cellulose binding domain which is separate from the reiterated domains was reported (6) . Changes in the activity levels and/or specificities induced by protein truncation were observed, however, in the case of an endoglucanase from Cellulomonas uda (12) and in the case of ,3-glucosidase B from C. thermocellum (16) . To conclude, it might be speculated that in the case of EGCCA, the presence of the reiterated domains may have facilitated the degradation of crystalline cellulose. Whether this effect was a property of the domains themselves or an indirect effect inducing a conformational change in the enzyme could not be determined from our experiments.
